INTRODUCTION
============

The normal pancreas prevents autodigestion by packaging protease in a precursor form, by the synthesis of protease inhibitors and by lowering the intracellular calcium concentrations to decrease the trypsin activity. However, in the early stage of acute pancreatitis (AP), autodigestion is provoked by inappropriate activation of proteolytic enzymes within the acinar cells. These early events are followed by the generation of proinflammatory mediators that promote an extra-acinar inflammatory response and in extreme cases these proinflammatory mediators promote a systemic inflammatory response syndrome.[@B1],[@B2]

Heat shock proteins (HSPs) are protective mechanisms of living organisms that ensure survival under stressful conditions such as infection, inflammation, starvation, water immersion, heat, heavy metals, and oxidative stress.[@B3]-[@B5] HSPs are classified into 6 major families according to their molecular weight (HSP100, HSP90, HSP70, HSP60, HSP40, and small HSPs).[@B3] HSPs function as molecular chaperones and so they play important roles in protein synthesis, folding, intracellular and transmembrane transport.[@B3],[@B6]-[@B8] Previous studies have reported that water-immersion (WI) and heat-shock (HS) induced HSP60 and HSP70, respectively and these induced HSPs protected the rats from cerulein-induced AP by preventing the subcellular redistribution of cathepsin B as well as preventing the activation of intrapancreatic trypsinogen.[@B1],[@B4],[@B9]-[@B12] However, the mechanism by which HSP60/70 inhibits trypsinogen activation is still uncertain.

Autophagy is highly preserved process that plays a part in development, differentiation and homeostasis by maintaining the synthesis, degradation and recycling of cellular constituents through the lysosomes.[@B13]-[@B16] There are 3 types of autophagy:[@B17] macro-autophagy, micro-autophagy, and chaperone-mediated autophagy. The role of autophagy in disease has been linked to the prevention of some diseases such as neurodegeneration and cancer, and protection against infection. However, it may also contribute to the development of diseases in some situations.[@B17],[@B18] In the pancreas, it has been reported that autophagy play a critical role in secreting digestive enzymes and to trigger cerulein-induced AP in its early stage.[@B13],[@B19] The mechanism for AP induction by autophagy is colocalization of trypsinogen and lysosomes, and this is followed by trypsinogen activation.[@B13],[@B20]

Therefore, we investigated whether HSPs regulate autophagy formation and prevent AP with employing a cerulein-induced AP rat model and by measuring the severity of AP and the LC3 immunoreactivity, which is a marker of autophagosomes, with or without preconditioning the HSPs.

MATERIALS AND METHODS
=====================

1. Materials
------------

Six to 8 week old Sprague-Dawley rats weighing 150 to 200 g each were purchased from Orient Bio (Seongnam, Korea). They were housed in cages in a climate controlled room with an ambient temperature of 23℃ and a 12 hour light/dark cycle; they were fed standard laboratory chow and water and they randomly assigned to the control or experimental groups. All the experiments were approved by the Korea University Ethics Committee for Animal Experiments. Cerulein was purchased from Sigma (St. Louis, MO, USA). The antibodies against HSP60/70 and LC3B were purchased from Cell Signaling (Danvers, MA, USA) and Nanotools (Wetzlar, Germany), respectively.

2. Induction of HSPs and cerulein-induced pancreatitis
------------------------------------------------------

After 8 hours fasting except for water, the rats in the WI groups (WI and WI-cerulein) were vertically immersed in a bath (23℃) to the depth of the xyphoid process for 12 hours and then they were placed into a cage. The rats in the HS groups (HS and HS-cerulein) were vertically immersed in a waterbath (42℃) to the depth of the xyphoid process for 20 minutes and then they were placed into a cage. The experimental groups (cerulein, WIcerulein, and HS-cerulein) and the control groups (control, WI, and HS) received one intraperitoneal injection of cerulein (50 µg/kg) or saline, respectively, at 12 hours after the study onset. All the rats were sacrificed at 6 hours after cerulein or saline injection ([Fig. 1](#F1){ref-type="fig"}).

3. Preparation of the plasma and tissue samples
-----------------------------------------------

The rats were placed under deep anesthesia using ethyl ether (Duksan Pure Chemical Co., Ltd., Ansan, Korea) and a laparotomy was performed; the fresh pancreas was harvested immediately and stored at -70℃ for western blot analysis or it was fixed with 10% formaldehyde for paraffin sectioning. Intracardiac blood was collected and centrifuged at 3,000 rpm for 10 minutes at 4℃.

4. Characterization of pancreatitis
-----------------------------------

### 1) Serum amylase

The serum amylase was determined using an automatic biochemical analyzer (TBA200 FR Neo; Toshiba, Tokyo, Japan).

### 2) Histological evaluation

The removed pancreases that were assigned to histological evaluation were fixed in 4% formaldehyde solution overnight. The tissues were dehydrated and processed for embedding in paraffin wax (Tissue-Tek, Sakura, Japan) by a routine protocol. Five-µm-thick serial sections were then cut using a Leica RM 2155 rotary microtome (Leica Microsystems, Nussloch, Germany) and these were mounted on 3-amino-propyl-tri-ethoxy-silane (Sigma)-coated slides. The slides were examined for edema, vacuolization, inflammatory cell infiltration and necrosis by a pathologist who was unaware of their assignment to the groups.

### 3) Immunohistochemistry

The sections were dewaxed with xylene, then rehydrated and prepared for the Immunohistochemistry by routine methods. The endogenous peroxidase activity was blocked with 0.03% H~2~O~2~ for 15 minutes. The nonspecific binding was suppressed by incubation with 10% normal horse serum (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) for 1 hour at room temperature. Thereafter, incubation with the primary antibodies (anti-LC3B \[Naonotools\], rabbit anti-HSP60 \[1:100, Cell Signaling\], and rabbit anti-HSP70 \[1:100, Cell Signaling\]) was performed for 48 hours at 4℃. The primary antibody binding was visualized using an avidin-biotin-peroxidase kit (ImmPRESS reagent kit; Vector Laboratories, Burlingame, CA, USA) and this was employed according to the manufacturer\'s instructions. Labeling was visualized by incubating with 0.05% 3\'3-diaminobenzidine (Sigma) and 0.01% H~2~O~2~ for 5 to 10 minutes. The necessary dilutions and thorough washes between the stages were performed using phosphate buffered saline pH 7.4, unless otherwise stated. The sections were dehydrated through a graded series of ethanol solutions; they were cleared with xylene and mounted with coverslip. Omission of incubation with the primary or secondary antibody served as a control for falsepositive immunoreactions. The immunolabelled images were directly captured using a C-4040Z digital camera (Olympus, Tokyo, Japan) and an Olympus BX-50 microscope (Olympus).

5. Western blot analysis
------------------------

The removed pancreas was homogenized in three volumes of ice-cold lysis buffer (50 mM Hepes-NaOH \[pH 7.5\], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl~2~, 1 mM EGTA) that contained a protease inhibitor cocktail tablet (Roche, Mannheim, Germany).

The supernatant was harvested after centrifugation (13,000 rpm for 20 minutes at 4℃). The protein concentrations were determined using the dye-binding microassay kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer\'s instructions. For the immunoblot assay, the supernatant samples containing 20 µg of protein each were loaded into individual lanes of 12% SDS-polyacrylamide gels, they were electrophoresed and then transferred onto polyvinylidene fluoride membranes. After electroblotting, the membranes were blocked with 5% skim milk in Tris buffer saline containing 0.05% Tween-20 (10 mM Tris-HCl \[pH 7.4\], 150 mM NaCl, 0.1% Tween-20) at room temperature for 1 hour. The membranes were sequentially probed with anti-LC3B (1:1,000, Nanotools, Wetzlar, Germany), rabbit anti-HSP60 (1:100, Cell Signaling), rabbit anti-HSP70 (1:100, Cell Signaling) and anti-β-actin (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). The binding of a primary antibody was quantitated by using horse-radish peroxidase-conjugated secondary antibody at a dilution 1:4,000 (anti-rabbit IgG-horse-radish peroxidase; Amersham Biosciences Inc., Oslo, Norway). The blotted proteins were developed using an enhanced chemiluminescence detection system (iNtRON Biotech, Seongnam, Korea). According to the molecular weight, the LC3 protein was divided into 2 forms: LC3-I and LC3-II. The cytosolic LC3-I protein (18 kDa) is conjugated to the highly lipophilic phosphatidylethanolamine (PE) moiety to generate LC3-II (16 kDa). The PE group promotes integration of LC3-II into lipid membranes at the phagophores and autophagosomes. LC3 is expressed as three isoforms in mammalian cells (LC3A, LC3B, and LC3C), but only LC3B is correlated with the extent of autophagosome formation. So, we used anti-LC3B antibody for western blot analysis.

6. Electron microscopy
----------------------

The pancreas tissue was cut into small pieces (\~1 mm^3^) and these were fixed in 2% paraformaldehyde containing 2.5% glutaldehyde buffered by 0.1 M cacodylate (pH 7.2) at 4℃ for 4 hours; the pieces were further fixed with 1% OsO4 solution buffered by 0.1 M cacodylate (pH 7.2) at 4℃ for 2 hours, then they were dehydrated and embedded in Epon812/DDSA (dodecenyl scuccinio anhydride) according to a standard procedure. Ultrathin sections were stained with uranyl-magnesium acetate and lead citrate and these were observed under a transmission electron microscope (H-7500; Hitachi, Tokyo, Japan).

7. Statistical analysis
-----------------------

The results of the serum analysis are expressed as mean±standard error (SEM). The experimental data from the different groups were compared by analysis of variance (ANOVA). A p-value of less than 0.05 was considered to indicate a significant difference.

RESULTS
=======

1. Serum amylase
----------------

WI, HS, and WI-cerulein didn\'t affect the basal serum amylase level. However, the serum amylase level in the cerulein and HS-cerulein groups was significantly higher than that of the control group ([Fig. 2](#F2){ref-type="fig"}).

2. Histology
------------

The histological findings are shown in [Fig. 3](#F3){ref-type="fig"}. There was no evidence of pancreatitis in the control, WI, and HS groups. Interstitial edema, inflammatory cell infiltration, acinar cell vacuolization and necrosis were all noted in the cerulein group. Only mild edema and infiltration of inflammatory cell were observed in the WI-cerulein group. However, mild acinar cell vacuolization in addition to mild edema and infiltration of inflammatory cells were noted in the HS-cerulein group. Therefore, the severity of cerulein induced AP was more attenuated by WI than by HS preconditioning.

3. Immunohistochemical analysis
-------------------------------

### 1) HSP60/70

As shown in [Fig. 4](#F4){ref-type="fig"}, the basal constitutive expression of HSP60 was noted in scattered locations within the pancreatic acinar cells in the control group. After preconditioning by WI, the expression of HSP60 within the acinar cells was markedly increased and this seemed to be confined to the luminal side of the perinuclear region. There was virtually no HSP70 expression in the pancreases from the control animals. In the HS group, there was profound upregulation of the HSP70 expression in the cytoplasm of the acinar cells.

### 2) LC3

In the control group, there was a slight LC3 expression in the cytoplasm of the acinar cells, which may have been induced by starvation. In the cerulein group, LC3 was markedly expressed in the cytoplasm and abundant cytoplasmic vacuoles were noted. However, WI and HS themselves did not affect the LC3 expression as compared with that of the control group. Preconditioning with WI and HS markedly inhibited the cerulein induced LC3 expression and cytoplasmic vacuole formation, as is shown in [Fig. 5](#F5){ref-type="fig"}.

4. Western blot analysis
------------------------

### 1) HSP60 and LC3B

HSP60 was constitutively expressed in the rat pancreas, and WI markedly induced the expression of HSP60 compared with that of the control group ([Fig. 6A](#F6){ref-type="fig"}). Cerulein markedly increased the expression of LC3B-II, which is a marker of autophagosomes. However, the LC3B-II expression was not increased in the WI cerulein group, which indicates that WI preconditioning suppressed the cerulein-induced autophagy formation.

### 2) HSP70 and LC3B

HSP70 was virtually barely expressed in the control group, but the HS group showed the markedly increased expression of HSP70. Cerulein increased the LC3B-II expression. However, the LC3B-II expression in the HS-cerulein group was not increased, which indicates that HS preconditioning attenuated the cerulein-induced autophagy formation ([Fig. 6B](#F6){ref-type="fig"}).

5. Electron microscopy
----------------------

There were no cytoplasmic vacuoles in the control group, but some vacuoles were observed in the WI and HS groups. In the cerulein group, some vacuoles containing double-membrane organelles and large vacuoles with homogeneous electron-dense staining were found, which seemed to be autophagosomes and autolysosomes, respectively. Autophagosome formation was suppressed after preconditioning with WI, and this suppression was greater than that of preconditioning with HS ([Fig. 7](#F7){ref-type="fig"}).

DISCUSSION
==========

There are many causes of AP, but the mechanisms by which these conditions trigger pancreatic inflammation have not been identified. Obtaining pancreatic tissue in the early stage of AP is crucial for investigating the pathogenesis of AP. Unfortunately, human pancreas tissue is generally not available for research. For these reasons, various experimental animal models have been developed for investigating the pathophysiology of AP. The AP animal models developed should mimic clinical AP such as the provoked serum pancreatic enzymes and the remarkable histological changes.[@B21] Although the cholecystokinin analogue cerulein induces a relatively mild manifestation of AP, the rapid induction, noninvasiveness, high repeatability, high applicability and the remarkable similarity to the histological changes in human AP have made the cerulein-induced AP animal model the most favored AP model.[@B21] Previous studies about HSPs have shown the protective role of HSP60/70 against cerulein-induced AP, although there was some controversy about HSP70.[@B22],[@B23] In our study, HSP70 also showed protective effects against cerulein-induced AP. The mechanisms by which HSPs protect against cerulein-induced AP were commonly hypothesized that HSPs protect against pancreatitis by inactivating prematurely activated trypsinogen. However, in a recent study, Lee et al.[@B1] reported that WI induced HSP60 prevents trypsinogen activation by interfering with the colocalization of lysosomal hydrolases and the digestive enzyme zymogen rather than by inhibiting the activated enzymes. Frossard et al.[@B10] showed that both thermal and nonthermal stresses protect against pancreatitis by preventing intrapancreatic digestive enzyme activation, and that HSP70 may play a role in this protection. Bhagat et al.[@B9] demonstrated that administration of antisense oligonucleotides to HSP70 reduced the thermal stress-induced HSP70 expression, it restored the ability of supramaximal cerulein administration to cause intrapancreatic trypsinogen activation and it abolished the protective effect of prior thermal stress against pancreatitis.

The mechanisms responsible for intracellular activation of trypsinogen to trypsin in AP have not been firmly demonstrated. There are 2 major hypotheses: the colocalization hypothesis,[@B20] which explains that digestive enzymes become colocalized with lysosomal hydrolases such as cathepsin B and this activates trypsinogen in the cytoplasmic vacuoles of acinar cells, and the autoactivation hypothesis,[@B24] which suggests that trypsinogen is autoactivated under low pH conditions in the presence of serine protease. The appearance of cytoplasmic vacuoles within the pancreatic acinar cells, which is an early feature of AP, was suggested as autophagic in origin by electron microscopy and immunohistochemical studies.[@B25],[@B26] Hashimoto et al.[@B19] reported that conditional knockout mice lacking the *Atg5* gene in acinar cells showed no AP except for mild edema in a restricted area after cerulein injection, and trypsinogen activation was greatly reduced in the absence of autophagy. These results suggest that autophagy exerts devastating effects in pancreatic acinar cells by activating trypsinogen to trypsin in the early stage of AP through delivering trypsinogen to the lysosomes.

Considering the conflicting role of HSPs and autophagy in trypsinogen activation, we hypothesized that HSPs might prevent cerulein-induced AP by inhibiting the autophagy formation. As expected, the induction of HSPs in acinar cells effectively prevented the development of AP. As shown in [Fig. 3](#F3){ref-type="fig"}, the preexpression of HSPs prevents vacuole formation in the acinar cells in response to cerulein. Western blotting showed that the LC3B expression, which is a marker of autophagosomes, was clearly expressed in the cerulein group, but it was inhibited in the WI- and HS-cerulein groups. Interestingly, as shown in [Fig. 7](#F7){ref-type="fig"}, electron microscopic examination revealed that the cerulein-induced autophagy formation after induction of HSP60 was inhibited to a greater degree than that observed after induction of the expression of HSP70. These results suggest that the expressions of HSPs may directly inhibit autophagosome formation, which results in prevention of trypsinogen activation during the development of cerulein-induced AP, and HSP60 shows a more complete preventive effect on AP as compared to that of HSP70.

The location of HSPs and LC3 is crucial for directly explaining the preventive mechanism of HSPs against autophagy formation. As shown in [Fig. 4](#F4){ref-type="fig"}, the expression of HSPs, regardless of the type, is scattered in the acinar cell cytoplasm and this is more intense around the nucleus where the Golgi and endoplasmic reticulum (ER) are located. An LC3 expression was also observed in the acinar cell cytoplasm, but it was mainly located mainly around vacuoles, as is shown in [Fig. 5](#F5){ref-type="fig"}. We expected the colocalized expressions of HSP and LC3 in the very early form of vacuoles, which may tell us something about the intimate relationship of HSPs and the prevention of autophagosome. Unfortunately, it is hard to find very early vacuole lesions at the light microscopic level. The full blown injured acinar cells revealed large vacuoles that were stained for LC3, as was expected.

Although identifying the mechanism by which HSP60/70 inhibits autophagy formation in cerulein-induced AP is beyond the scope of our present experiment, plausible explanations for the mechanism and the difference between HSP60 and HSP70 are as follows. Arias et al.[@B27] reported that HSP60 follows the increasing concentration gradient of proteins along the rough ER-Golgi granule secretory pathway in pancreatic acinar cells, and this protein is specifically concentrated in the ER crystals induced by DL-p-chlorophenylalanine methyl ester-treatment and plays an important role in regulating the processing and transport of digestive enzymes in that organ, whereas HSP70 is confined to the trans-Golgi network. Therefore, the up-regulated HSP60/70 in pancreatic acinar cells by WI or HS preconditioning may be involved in the autophagy related pathway which is best characterized by class I phosphatidylinositol 3-kinase and target of rapamycin,[@B17] and this results in the inhibition of autophagy formation and HSP60 may be more directly related to inhibiting the pathway than HSP70 is. The relationship between HSPs and autophagy may be organ specific. In other organs, HSPs and autophagy may help each other for achieving homeostasis. Regardless of the mechanism by which HSPs inhibit autophagy formation, this study showed the temporal cause-effect relationship between the expression of HSPs and autophagy formation in a cerulein-induced AP animal model. In conclusion, the HSPs induced by WI or HS exerted protective effects against cerulein-induced AP in the rats by inhibiting autophagy formation. Further studies that will use conditional knockout of the HSP60/70 or autophagy related genes in rats are needed to elucidate the precise mechanism by which HSPs inhibit autophagy formation in cerulein-induced AP.
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![Study protocol. All of the rats were fasted for 8 hours before the study. The control and cerulein rats (n=6, respectively) were fasted before saline or cerulein (50 µg/kg) injection, respectively, and were sacrificed at 6 hours after injection. The water-immersion (WI) and WI-cerulein rats (n=6, respectively) were pretreated with WI for 12 hours prior to saline or cerulein (50 µg/kg) injection, respectively, and were sacrificed at 6 hours after injection. The heat-shock (HS) and HS-cerulein rats (n=6, respectively) were pretreated with HS for 20 minutes. Twelve hours after the end of HS, rats were injected with saline or cerulein (50 µg/kg) and were sacrificed at 6 hours after injection. ^\*,†^Indicate saline or cerulein injection, respectively.](gnl-5-513-g001){#F1}

![Serum amylase level among the groups after water-immersion (WI) or heat-shock (HS) pretreatment. The serum amylase level after WI or HS pretreatment was similar to that of the control. Cerulein injection after WI (WC) failed to increase the serum amylase level. However, cerulein injection after HS (HC) significantly elevated the serum amylase compared with control. The results are reported as the mean±SEM.\
Contr, control; Water or WI, water-immersion; Heat or HS, heatshock; WC, water-immersion cerulein; HC, heat-shock cerulein. ^\*^Indicates p\<0.05 when compared with the control.](gnl-5-513-g002){#F2}

![Histologic findings of the pancreas. There was no evidence of pancreatitis in the pancreas of the control, water-immersion (WI), and heatshock (HS) groups. Interstitial edema, acinar cell vacuolizations (black arrow) and infiltration of inflammatory cells (red arrow), which indicate the development of pancreatitis, were observed in the cerulein group. These findings were almost absent in the WI-cerulein group. However, in the HS-cerulein group, mild vacuole formation, edema and inflammatory cell infiltration were noted (H&E stain, ×200).](gnl-5-513-g003){#F3}

![Immunolocalization of heat shock protein 60/70 (HSP60/70) in the pancreas. The constitutive expression of HSP60 was visible in scattered locations in the acinar cells in the control group. The water-immersion (WI) group showed a markedly increased expression of HSP60 that was confined to the acinar cells. There was virtually no HSP70 expression in the control group. Heat-shock (HS) resulted in a significant up-regulation of HSP70 that was also confined to the acinar cells (H&E stain, ×200).](gnl-5-513-g004){#F4}

![Immunohistochemistry for LC3 expression in the pancreas. There was minimal LC3 expression in the control, water-immersion (WI), and heat-shock (HS) groups. Cerulein increased LC3 expression, which was confined to the acinar cells and was evident especially around the vacuoles. However, cerulein-induced LC3 expression and cytoplasmic vacuole formation were inhibited in the WI- and HS-cerulein groups (H&E stain, ×400).](gnl-5-513-g005){#F5}

![Western blot analysis of heat shock protein 60/70 (HSP60/70) and LC3B in the pancreas. (A) HSP60 was constitutively expressed in the control group. Water-immersion (WI) preconditioning markedly induced the expression of HSP60. Cerulein greatly increased the expression of LC3B-II, which is a marker of autophagosomes. However, LC3B-II expression was not increased in the WI-cerulein group. (B) HSP70 was generally not expressed in the control group. Heat-shock (HS) preconditioning resulted in a markedly increased expression of HSP70. Cerulein increased LC3B-II expression. However, LC3B-II expression in the HS-cerulein group did not increase.\
Con, control; Cer, cerulein; HSC, heat-shock cerulein; WIC, waterimmersion cerulein.](gnl-5-513-g006){#F6}

![Electron microscopic assessment of autophagy formation. There were no cytoplasmic vacuoles in the control group, although some vacuoles were observed in the water-immersion (WI) and heat-shock (HS) groups. In the cerulein group, vacuoles containing double-membrane organelles and large vacuoles with homogeneous electron-dense staining were found; these vacuoles seemed to be autophagosomes (black arrow) and autolysosomes (white arrow), respectively. Autophagy induced by cerulein injection was suppressed after preconditioning with WI, and this suppression was greater than that observed after pretreatment with HS.\
Z, zymogen; M, mitochondria; N, nucleus.](gnl-5-513-g007){#F7}
